Side weir is used as a slot in the side wall of the main channel to direct excess water that is above the weir crest. Such structures are used in control of flow level in irrigation, drainage networks and urban sewage disposal systems. Furthermore, circular channels are pretty important because considerable length of sewage disposal and transmission pipeline system is made of circular channels. In this study, changes inflow free surface, turbulence and flow field passing through a circular channel along a side weir are simulated. This means that for modeling the variations in flow free surface and the flow field turbulence, the volume-of-fluid scheme and RNG k-ε turbulence model are used, respectively. In order to validate the accuracy of the numerical model, the flow free surface changes along the side weir, the discharge coefficient of side weir, discharge of side weir, Froude number at upstream of the side weir and specific energy are compared with the experimental measurements. Comparison of simulation results with the experimental measurements shows high accuracy of CFD model. In other words, the root-mean-square error percent and the mean absolute error for flow free surface are, respectively, obtained to be 0.554% and 0.547%. Moreover, average difference between the specific energy at upstream and downstream of the side weir is calculated about 2.1%. The main purpose of this simulation is gaining an understanding of behavior of the passing flow through circular channels with side weir for subcritical flow regime. t Turbulence dissipation rate (m 2 /s 3 ) t Turbulent kinematic viscosity (m 2 /s) Fluid density (kg/m 3 ) Angle of spilling jet (°) Publisher's Note Springer Nature remains neutral with regard to jurisdictional claims in published maps and institutional affiliations.
List of symbols
Depth of the flow at section 2 in the main channel (m) Velocity distribution coefficient (-) Introduction A side weir is a hydraulic structure that is installed on the side wall of main channels to control the flow elevation. Flow passing over the side weirs is considered as spatially varied flow (SVF) with decreasing discharge. Side weirs are widely used in hydraulic and environmental projects: for example, irrigation and drainage systems, urban sewage disposal networks and flood control projects. Many experimental and analytical studies have been conducted on flow pattern within rectangular channels along the side weir: for instance, Borghei et al. (1999) , Yüksel (2004) , Venutelli (2008) , Emiroglu et al. (2011) , Bagheri and Heidarpour (2012) and Novak et al. (Novak et al. 2013) . Channels with triangular and trapezoidal cross section are widely used in drainage and irrigation networks. For triangular channels, Uyumaz (1992) using finite difference method and specific energy principles has provided an analytical solution that predicts the flow free surface and discharge of side weir. Vatankhah (2012a) using the specific energy principle has provided an analytical solution to predict the flow free surface along the side weir. Also, Shabanlou (2015, 2016 ) simulated flow field within triangular canals along the side weirs in subcritical and supercritical flow regimes. In association with passing flow through trapezoidal channels, Cheong (1991) and Vatankhah (2012b) have conducted experimental and numerical studies. Additionally, Azimi et al. (2017a Azimi et al. ( , b, 2019 predicted discharge coefficient of side weirs by using some artificial intelligence techniques.
For the U-shaped channel along the side weir, Uyumaz (1997) presented an analytical study to predict the flow free surface and discharge of the side weir in supercritical and subcritical flow conditions. Vatankhah (2012c) introduced a semi-analytical method for predicting the flow free surface in U-shaped channel along a side weir using the specific energy principles and integrating method. Also, Vatankhah (2013) using incomplete elliptic integrating method provided a semi-analytical solution for solving the governing equation of spatially varied flow for parabolic channels along a side weir. In addition, Shabanlou (2018, 2019) modeled turbulent flow and free surface in the U-shaped canals along the side weirs in both subcritical and supercritical flow regimes.
In practice, channel with circular cross section are widely used in sewage disposal networks. Allen (1957) conducted some experiments on flow within circular channels along the side weir. Uyumaz and Muslu (1985) conducted an experimental study on flow in circular channels with a side weir for subcritical and supercritical flow regimes. Oliveto et al. (2001) investigated characteristics of the passing flow over a side weir located on a circular channel. In their laboratory model, the flow along the side weir was supercritical. Ramamurthy et al. (1995) using the flow two-dimensional theory provided a relationship for calculating the discharge coefficient of side weir located on a circular channel. Vatankhah (2012d) presented a solution for predicting the flow free surface along the side weir located on a circular channel using the specific energy principles and incomplete elliptic integrals method.
Recently, numerical modeling is used as a powerful and reliable tool in simulating of flow in hydraulic structures. Mahmodinia et al. (2012) using Fluent software, RSM turbulence model and volume-of-fluid (VOF) method simulated the flow pattern in rectangular channels along the side weir. Aydin (2012) using VOF method simulated the changes in flow free surface along the triangular labyrinth side weir located on a rectangular channel. Aydin and Emiroglu (2013) predicted the discharge capacity of labyrinth side weirs located on rectangular channel using Fluent-ANSYS model. Also, the characteristics of flow field along labyrinth side weir were numerically investigated. Azimi et al. (2014) modeled the velocity field and variations in flow free surface along the rectangular side weir within circular channels for supercritical flow conditions. introduced an equation for predicting the discharge capacity of the rectangular side weirs on circular channels using numerical simulation. Flow field in triangular channel along the side weir for subcritical flow regime was numerically simulated by Azimi and Shabanlou (2015) . Also, Aydin and Emiroglu (2016) analyzed the flow over two-cycle trapezoidal labyrinth side weir numerically using Fluent-ANSYS software.
Numerical simulations have widely been used in modeling engineering phenomena, with the number of such investigations increasing constantly. Also, according to the literature, despite the importance of awareness about flow field within circular channels along the side weir, very few experimental, analytical and numerical studies have been done on this issue.
The main aim of this CFD simulation is obtaining proper understanding of the flow field hydraulic behavior within circular channels along the side weir in subcritical flow regimes. Therefore, in this study the characteristics of flow field within circular channels along a side weir in subcritical flow regime are simulated using FLOW-3D software. In this numerical analysis, variations in the flow free surface and the flow field turbulence are simulated using the volumeof-fluid (VOF) scheme and the RNG k-ε turbulence model, respectively.
Materials and methods

Governing equations
In this study, to solve the flow field of a noncompressible fluid in Cartesian coordinate system, the continuity equation and Reynolds-averaged Navier-Stokes equations are used as follows (Azimi and Shabanlou 2015) :
where (u, v, w) , A x , A y , A z , G x , G y , G z and f x , f y , f z are the velocity components, fractional area open to flow, gravitational forces and accelerations due to viscosity in x-, y-and z-directions, respectively. Also t, ρ, R SOR , p and V F are time, density, term of the source, pressure and fractional volume open to flow, respectively. In this study, for simulation of flow turbulence, the k-ε RNG turbulence model has been used. Also, the flow free surface changes have been modeled using volume-of-fluid (VOF) scheme. The VOF method is composed of three main components: In VOF scheme to calculate the volume component, the following continuity equation is solved (Azimi and Shabanlou 2015):
(1)
where F is the volume component of fluid in a specified computational cell. If F = 0, the cell is empty, if F = 1, the computational cell is filled with fluid, and if 0 < F < 1 , cell is composed of both phases of air and water.
Boundary conditions
The specified amounts of discharge and flow depth were used in the inlet boundary conditions. In the main channel outlet, the specified amounts of depth and pressure are used (the flow depth and pressure are equal to 0.1476 m and atmospheric pressure, respectively). In the location of the side weir, a tank is considered. The downstream of the tank is defined as the outlet boundary condition. All of the solid walls including side walls and the main channel bed are considered as the wall boundary condition. The entire upper surface of the air phase is considered as the symmetry boundary conditions.
Experimental model
In this numerical study, the results obtained from CFD analysis are compared with experimental data measured by Uyumaz and Muslu (1985) . Laboratory tools used by Uyumaz and Muslu include a horizontal circular channel. The length and diameter of the main channel are considered to be 10.9 m and 0.25 m, respectively. Also, the side weir is made of fiberglass panels, and its length and height are 0.5 m and 0.1 m, respectively.
Gridding of flow field
In Table 1 , the results of the gridding independent used in the numerical modeling for the flow free surface are shown. As shown in Table 1 , the difference between the gridding 4 and 5 results is negligible and gridding 4 is chosen for the computational field. To check the numerical model accuracy, the root-mean-square error percent (RMSE) and the mean absolute error (MAE) values are calculated using the following equations: To simulate the numerical model, the whole computational domain is gridded by a nonuniform mesh block consisting of rectangular elements (Fig. 1) . The main circular channel is gridded by 186, 60 and 61 elements in directions x, y and z, respectively, and the tank attached to the side weir is gridded by 62, 35 and 61 elements in directions x, y and z, respectively.
Results and discussion
Validation
In the laboratory model, discharge within circular channel at side weir upstream Q 1 and the flow depth at upstream and downstream of the side weir are considered as 0.017 m 3 /s, 0.1368 m and 0.1476 m, respectively. Flow regime in this model is subcritical flow. Therefore, the flow free surface depth increases at the end of the side weir upstream toward the end of the side weir downstream. In Fig. 2 , the flow depths upon the main channel and along the side weir obtained by the numerical simulation are compared with the experimental results measured.
The RMSE and MAE values for the flow depth are calculated to be 0.544% and 0.547%, respectively, which indicate acceptable accuracy of the numerical analysis in modeling flow free surface. In the laboratory model of Uyumaz and Muslu (1985) , different values of the side weir discharge have been measured. In Fig. 3 , the results of the numerical simulation for different discharges of side weir are compared with laboratory values. The RMSE and MAE values for discharges of the side weir are calculated to be 0.041% and
0.031%, respectively, which indicate acceptable accuracy of the numerical model. Discharge per length unit of a side weir that is located on a circular channel has been provided by Uyumaz and Muslu (1985) as follows:
where Q w is the discharge of the side weir, x is distance from upstream of the weir, dQ w dx or q is the discharge per length unit of weir, g is acceleration of gravity, P is height of side weir and z is flow depth. Thus, the side weir discharge coefficient is calculated as follows (Oliveto et al. 2001): where L is length of side weir. Uyumaz and Muslu (1985) have provided empirical Eq. (10) to calculate the discharge coefficient of side weir located in a circular channel in the subcritical flow regime: where D is diameter of circular channel and F 1 is Froude number at upstream of side weir. Discharge coefficient of the side weir located on a circular channel for different relationships is shown in Table 2 . Laboratory and numerical discharge coefficients are shown as C de and C dn , respectively. To evaluate the numerical model accuracy in predicting discharge coefficient, the relative error percent was calculated by Eq. (11) . The numerical discharge coefficients were estimated to be 0.425 and 0.422 using Eqs. (9) and (10), respectively, while the experimental discharge coefficients were computed to be 0.384 and 0.419 using Eqs. (9) and (10), respectively. Therefore, the relative error percent values were calculated to be 10.7 and 0.72%, respectively:
In laboratory model, the specific energy has been measured as 0.1563 m, while the simulated specific energy is equal to 0.1535 m. Therefore, the relative error percent of the specific energy has been calculated to be 1.8%, which indicates high accuracy of the numerical model in predicting the specific energy.
Effects of Froude number
In Fig. 4 , variations in Froude number at the side weir's upstream (F 1 ) against the dimensionless discharge within the main channel Q 1 Q max are shown. As is shown by increasing the main channel discharge, Froude number increases. In Fig. 5 , changes in the discharge coefficient C d of the side weir against Froude number (F 1 ) are shown. In this figure, the discharge coefficient is calculated by substituted Froude number in Eq. (10). The discharge coefficient of the side weir decreases by increasing the Froude number.
Specific energy
By assuming that the channel bed slope is insignificant, the specific energy along the side weir is constant and calculated as follows (Emiroglu et al. 2011) :
where E is specific energy, is velocity distribution coefficient, Q 1 is discharge within the main channel and A is crosssectional area of flow. Constant specific energy assumption in solving governing equation for spatially varied flows is one of the fundamental principles. Hence, the specific energy in upstream of the side weir is compared with downstream of it. In Fig. 6 , the specific energies at the upstream E 1 and downstream E 2 of the side weir are compared for various values of the discharge within the main channel. As shown, the specific energy along the side weir which is predicted by the numerical model is almost constant and the energy drop along the side weir is negligible. Average difference between the specific energy at upstream and downstream of the side weir is calculated to be about 2.1%. Oliveto et al. (2001) and Borghei et al. (1999) in their laboratory results by comparing the specific energy at upstream and downstream of the side weir have calculated the difference between E 1 and E 2 to be equal to 5% and 3.7%, respectively.
Flow free surface along the side weir El-Khashab (1975) , Emiroglu et al. (2010) and Aydin (2012) conducted some laboratory and numerical studies on behavior of the flow free surface within a rectangular channel along a side weir. In order to examine the variations in flow free surface along the side weir, profiles of simulated flow free surface are shown in Fig. 7 . The variations in flow free surface before upstream and after downstream are negligible. As the flow approaches the side weir plane, due to effects of entrance, a free surface drop occurs at the side weir upstream. After this drop, the flow free surface increases rapidly and reaches its maximum at the downstream of the side weir. At the downstream of side weir, a surface jump occurred. Along the surface jump, kinetic energy increases and potential energy reduces. After the surface jump, the maximum flow free surface happens. This point introduces as stagnation point. The stagnation point has the lowest velocity and the highest water elevation.
Surface velocities
In Fig. 8 , the contour of the longitudinal velocity (u) on the main channel and in the vicinity of the free surface is shown. The maximum longitudinal velocity occurs at side weir's upstream. By advancing the flow along the side weir, the longitudinal velocity is reduced. The lowest longitudinal velocity (u) occurs at the side weir upstream and near the inner bank. In Fig. 9 , the contour of lateral velocity (v) is shown in the vicinity of the free surface. Due to the effects of the side weir, the maximum lateral velocity happened near the location of side weir. Also before and after the side weir, the lateral velocity is negligible.
Angle of spilling jet
The angle of spilling jet is known as a hydraulic feature of side weirs in the formation of diverted flow. Equation (13) was introduced by Bagheri and Heidarpour (2012) 
Pressure distribution pattern
In Fig. 11 , the pressure distribution in the vicinity of the side weir is illustrated. As shown, by advancing toward the side weir downstream, the pressure increases in all levels and the minimum pressure occurs at the side weir upstream. According to the numerical simulation results, by increasing the level along the side weir, the pressure amount increases as well. The pressure contours in the circular channel at the middle of side weir are shown in Fig. 12 . According to Fig. 12 by advancing from the channel bed to the free surface, the pressure amount decreases. Therefore, the maximum and minimum pressure occurs near the main channel bed and free surface, respectively.
The surface pressure contours in the vicinity of the side weir are shown in Fig. 13 . As shown, the minimum and maximum pressures were predicted at the side weir upstream and its downstream, respectively. According to simulation result, by advancing toward the side weir downstream, the surface pressure in the circular channel increases.
Conclusions
In this study, the flow within a circular channel along a side weir was modeled using the FLOW-3D software and the RNG k-ε turbulence model. Also, variations in the flow free surface were simulated by the VOF scheme. The CFD model predicted changes in the flow free surface with suitable accuracy. In this numerical study, the discharge coefficient of side weir is compared with the laboratory results by different equations and the discharge of the side weir is predicted with good accuracy. The side weir discharge coefficient reduces by increasing Froude number. The relative error percents for the Froude number and specific energy were computed as 6.2% and 1.8%, respectively. According to numerical results, drop of the specific energy along the side weir was insignificant. Also, a surface jump occurred at the side weir downstream. After the surface jump, the stagnation point is observed. The maximum longitudinal velocity happened at beginning of the side weir. The angle of spilling jet before and after the side weir was simulated negligible. Also, the maximum and minimum pressure occurs near the channel bed and the flow free surface, respectively.
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Fig. 13
Surface pressure contours around the free surface in the circular channel
